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resumo 
 
 
A presente investigação contempla a realização de um estudo experimental 
usando um centro de maquinagem CNC convencional. Foi simulada e 
concebida a microfresagem de diversos provetes recorrendo a software 
CAD/CAM, usando diversas estratégias. Foi analisado o acabamento de 
superfície obtido bem como o tipo de rebarba produzido. Finalmente, foi 
efectuada uma optimização do processo de microfresagem. 
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abstract 
 
The present investigation contemplates the realization of an experimental study 
using a convencional machining CNC centre. The micromilling of samples was 
done and simulated using CAD/CAM software, using several strategies. The 
obtained surface finish was analyzed, as was the produced burr. Finally, an 
optimization of the micromilling process was optimized. 
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Chapter 1) 
 
Introduction 
 
The demand for miniaturized devices with high aspect ratios and superior surfaces 
has been rapidly increasing in aerospace, automotive, biomedical, optical, military and 
micro-electronics packaging industries. There is a growing need for fast, direct, and 
mass manufacturing of miniaturized functional products from metals, polymers, 
composites and ceramics.  
In the present thesis, the machining of micro surfaces on aluminum alloy is made, 
using conventional machines and commercially available miniature tools. With the aid 
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of CAD (Computer Aided Design) software, several micro surfaces were designed to 
test their machinability on a conventional CNC (Computer Numerically Controlled) 
machining centre using sub millimeter tools. In order to perform a comprehensive study 
on the quality of the machined surfaces (roughness, accuracy and burrs), machining 
parameters such as feed rate were varied. Also, a variety of machining strategies was 
performed in order to study the quality of the machined surfaces. Hence, the thesis’ main 
goal is to determine up to which extent conventional machines and micro tools can be 
used to achieve quality micro surfaces.  
In Fig. 1.1 one can see the photograph of a micro-milled surface on aluminum stock 
using a 0.8 mm diameter end mill. 
 
 
 
Figure 1.1 – Photograph of micro-milled aluminum surface using a 0.8 mm end mill compared to a 
0.5 mm pencil lead
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After the design of the different surfaces using 3D modeling software, the 
experimental work took place. Several cases of study were conducted for each designed 
surface, varying the feed rate and machining strategy. The analysis of the finished 
surface consisted in measuring its roughness with a profilometer and measuring the 
minimum wall thickness achieved without burrs. In order to better understand how this 
document is organized, the next paragraph describes the general paper layout.  
Chapter 2 focuses on the state-of-the-art and debates results from other researchers, 
some theories related to the current project on micromilling and possible problems to be 
encountered during the investigation. Chapter 3 gives a general overview of the all the 
software and experimental setups used in this investigation: CAD and CAM software, 
CNC machining centre, tools and measuring instruments. It is also described in detail 
how all the experimental work was done in the workshop and what and how machining 
parameters varied during the analysis. The mechanical properties of the workpiece 
material in study are also described. Chapter 4 focuses on the results and their 
discussion and the presentation of the experimental measurements as well as their 
meanings. Chapter 5 contains all the important conclusions as well as a list of the 
bibliographical references. 
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Chapter 2) 
 
 
Micromachining – a state-of-the-art 
 
 
2.1 Micromachining today 
 
 
The miniaturization of devices is today demanding the production of mechanical 
components with manufactured features in the range of a few to a few hundred microns 
in fields that include optics, electronics, medicine, biotechnology, communications, and 
avionics, to name a few. Specific applications include microscale fuel cells, fluidic 
microchemical reactors requiring microscale pumps, valves and mixing devices, 
microfluidic systems, microholes for fiber optics, micronozzles for high-temperature 
jets, micromolds, deep X-ray lithography masks, and many more (Liu et al., 2004).  
As a response to this demand, various micro-manufacturing techniques have recently 
emerged, such as X-ray lithography electrodeposition molding (LIGA), deep reactive ion 
etching, deep UV lithography, electrical discharge machining, laser machining and 
computer numerical controlled (CNC) micromachining. Most of these techniques require 
inaccessible, expensive, or time-consuming equipment (Mecomber et al., 2005), so one 
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of the viable micro-manufacturing techniques for creating three-dimensional (3D) 
features on metals, polymers, ceramics, and composites is mechanical micromachining. 
Micromachining utilizes miniature milling, drilling and turning tools as small as 10 µm 
in diameter to produce micro-scale features. Although geometric and material 
capabilities of micromachining have been demonstrated by various researchers 
(Masuzawa and Tönshoff, nd, Chae et al., 2006) industrial application of 
micromachining has been hindered by the lack of experience and knowledge on the 
micro-machinability of materials (Filiz et al., 2007).  Some examples of micro machined 
features and parts are shown in Fig. 2.1. 
 
 
Figure 2. 1 – (a) Micromilled trenches with stepped walls (b) neurovascular device component (c) 
microgear (Filiz et al., 2007) 
 
2.2 Characteristics of micromachining – micromilling 
 
Micromilling, one of the mechanical micromachining processes and the object of 
study of this thesis, is a process that utilizes end mills that typically vary in diameter 
from 100 to 500 µm and have edge radii that vary from 1 to 10 µm. Additionally, the 
micromilling process has several salient features that differentiate it from the macro-
endmilling process. As the endmilling process is scaled down from conventional sizes 
(100 µm/tooth feed rates, 1 mm depths of cut) to micro-endmilling sizes (1 µm/tooth 
feed rates, 100 µm depths of cut), different phenomena dominate the micro-endmilling 
process compared to those typically observed in conventional milling (Vogler et al., 
2004). Özel, Liu and Dhanorker (2008) stated that the fundamental difference between 
micromilling and conventional milling arises due to scale of the operation, in spite of 
being kinematically the same. However, the ratio of feed per tooth to radius of the cutter 
is much greater in micromilling than conventional milling, which often leads to an error 
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in predicting cutting forces. Also, the runout of the tool tip, even within microns, greatly 
affects the accuracy of micromilling as opposed to the conventional milling.  
The chip formation in micromilling depends upon a minimum chip thickness and 
hence the chip is not always formed whenever tool and workpiece is engaged as opposed 
to conventional milling. The tool deflection in the micromilling greatly affects the chip 
formation and accuracy of the desired surface as compared to conventional milling. The 
tool edge radius (typically between 1–5 µm) and its uniformity along the cutting edge 
are highly important as the chip thickness becomes a comparable in size to the cutting 
edge radius (Aramcharoen et al. 2008). Since the chip load is small compared to the 
cutting edge radius, the size effect and ploughing forces become significant on both 
surface and force generation in micromilling. Micromilling may result in surface 
generation with burrs and increased roughness due to the ploughing-dominated cutting 
and side flow of the deformed material when the cutting edge becomes worn and 
blunter. 
There are several phenomena in micromilling that prevent the results of 
conventional milling from being applied to it directly. First, it cannot be assumed that 
the microstructure of the workpiece material is homogeneous (Vogler, DeVor and 
Kapoor, 2004). As tool size becomes smaller, its effect becomes more important. In this 
work it was used an Ø 0.8 mm tool, and for simplicity this effect was not assumed. 
Second, the effect of the cutting edge radius is not negligible: it affects the chip forming 
mechanism. Minimum chip thickness is a function of this parameter, and determines the 
transition between two cutting conditions; where chips are produced and where 
ploughing takes place (Özel, Liu and Dhanorker, 2008). 
 
 
2.3 Tools – characteristics and materials 
 
Precision cutting tools and machine tools are critical to micro-mechanical cutting 
processes, since the surface quality and feature size of the micro-structures are 
dependent on them. Nowadays, the geometries of micromilling tools are created by 
scaling down macro tools but due to the increasing miniaturization of components, it is 
becoming ever more complex to produce the required tools. In addition, several 
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researchers (Filiz et al., 2008; Pérez et al., 2007) have shown that micro tools respond 
to influences in a very different way than macro tools do. 
Conventional milling tools vary widely in size and design for different applications. 
In end milling, the common issues are tool deflection and uneven distribution of cutting 
force among the cutting edges. The forces are concentrated on the side of the tool and 
cause the tool to bend in the direction of the workpiece feed. The extent of deflection 
also depends greatly on the rigidity of the tool and the distance extended from the 
spindle. In fact, the deflection is directly proportional to the cube of the extension 
(Saffar et al., 2008). Also, the smaller the tool diameter, the more prone it is to 
deflection and this is even more so in micromilling, as the tools diameters are ever so 
small. 
Tungsten carbide cutting tools are generally used for the micro-mechanical cutting 
process, due to their hardness over a broad range of temperatures.  In the early 1990s, 
use of coatings to reduce wear and friction became more common and most of these 
coatings are referred to by their chemical composition, such as TiN (Titanium Nitride), 
TiCN (Titanium CarboNitride), TiAlN (Titanium Aluminum Nitride) or TiAlCrN 
(Titanium Aluminum Chromium Nitride), among others1. Advances in end mill coatings 
are being made, however, with coatings such as Amorphous Diamond and 
nanocomposite physical vapour deposition (PVD) coatings. In 2006, Arumugam, 
Malshe and Batzer investigated the performance of polished CVD diamond tool carbide 
inserts in comparison with unpolished CVD diamond coated carbide tool inserts in the 
dry turning of A390 aluminum, a silicon hypereutectic alloy and concluded that 
polished chemical vapour deposition (CVD) diamond tool inserts improve tool life and 
reduce the cutting forces. However, the size of micro end mills makes coating 
deposition challenging especially around the cutting edges. The requirements on the 
coatings for micro machining tools are not only the desirable properties such as high 
hardness, high toughness and high chemical/erosive and abrasive wear resistance, but 
they must also be dense, have a fine microstructure and present a smooth surface to the 
workpiece, with a reduced coefficient of friction compared to that of the uncoated tool 
(Aramcharoen et al., 2008). 
 
                                                
1
 Available in www.moldmakingtechnology.com 
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Figure 2. 2 – Conventional size 6mm end mill and 200µm micro end mill (Bissacco et al., 2005) 
  
 
 
Figure 2. 3 – Micro tool photographs: (a) Optical image showing all sections of tool (b) SEM image 
of cutting end of an end mill and (c) SEM image of a corner of the tool (Heaney et al. 2008) 
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2.4 Machine tool 
 
One of the more devastating machining attributes of milling small, delicate and 
accurate parts is vibration. Like stiffness, damping is a critical element that needs to be 
under control during micromilling. Machine tools with increased damping will absorb 
more of the vibrations induced by cutting. Many machines’ frames are constructed 
using cast iron or steel weldments, but these types of structural materials are not suitable 
for micromilling. The most suitable machine frame material for micromilling is polymer 
concrete, which provides as much as 10 times higher absorption of vibrations than cast 
iron. Polymer concrete also provides superior dynamic and static rigidity than cast iron 
and has substantially better thermal stability properties, which are crucial for achieving 
small-part accuracy (Zurek, n.d.). 
Micromilling requires machine tools with high rotational speed capabilities and very 
high positioning accuracy. Dedicated ultra precision machine tools have begun to be 
marketed (Minitech CNC2, Datron3) and such machine tools have a positioning 
resolution up to 10 nm and can provide rotational speeds up to 100,000 rpm. As an 
alternative, existing machine tools can be updated by means of high speed attached 
spindles which can provide a rotational speed up to 80,000 rpm with runout of less than 
1µm. With such a configuration, the maximum positioning accuracy is limited by that of 
the machine tool. According to Bissacco, Hansen and De Chiffre (2005) the cutting 
parameter most heavily affected by machining accuracy is the axial depth of cut which 
is the most critical when using micro end mills, due to the easy breakage particularly 
when milling hard materials. 
 
                                                
2
 Available in http://minitechcnc.com 
3
 Available in http://www.datrondynamics.com 
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Figure 2. 4 – Commercial ultra precision machine tools: (a) DT-110 (b) W-408MT (c) Hyper2j (d) 
Kugler (e) Kern and (f) Mori Seiki (Chae et al. 2005) 
 
 
2.4.1 Spindle technology 
 
Spindle technology has come a long way through recent years. There are many types 
of spindles on the market: gear driven, belt driven, motorized, air driven and hydrostatic 
but the more common high rpm spindles are motorized. An example of an air driven 
spindle can be seen on Figure 2.5. A motorized 160,000 rpm spindle was unheard of 
only a few years ago. Although a 160,000 rpm spindle has its applications, the more 
common high-speed spindles are more applicable to have an rpm of as high as 50,000 
rpm. With micromilling, tool size is relative to the application. Commonly, a Ø6 mm 
tool would be considered large and a Ø0.3 mm tool would be considered quite small. In 
this range, a spindle of 50,000 rpm would provide an adequate solution. The ideal 
spindle for micromilling is a closed loop or vector controlled spindle because they offer 
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the range of rpm, full torque at low speeds, rigid tapping capabilities and spindle 
orientation (Subrahmanian and Ehmann, n.d.). 
 
 
Figure 2. 5 – Conventional high-speed air turbine spindle: (a) expanded view (b) view of rotor and 
(c) view of spindle where rotor body is located showing exhaust port where air is directed to vanes 
of the rotor in (b) (Jackson 2006) 
 
2.4.2 Toolholder and spindle interface 
 
Because micromilling uses high rpm, tapered toolholders are not the ideal toolholder 
type. HSK toolholders offer a number of advantages for high rpm spindles and thus are 
the preferred choice for micromilling machines. HSK toolholders are retained in the 
spindle by a set of internal grippers located inside the spindle. As rotational speeds are 
increased, metal-to-metal contact between the toolholder and the spindle is maintained 
because centrifugal forces cause the internal grippers to expand within the toolholder, 
pressing it firmly against the inside of the spindle shaft. HSK tooling is also a double-
contact interface. It locates on both a shallow taper and a flange, creating a rigid 
precision fit for both axial and radial cutting forces. This precision fit allows the 
interface to have superior runout conditions compared to steep tapered tooling (HSK4). 
In micromilling, runout inaccuracies can cause premature tool failure and excessive 
runout can also reduce the life expectancy of the spindle (Uriarte et al., 2007). Tool 
runout is caused by a misalignment of the axis of symmetry between the tool and the 
toolholder or spindle. In macro-machining it is often ignored, as the diameter of cutting 
tools is relatively large compared to the tool run-out and the speed is relatively slow 
compared to micro-machining. 
 
                                                
4
 Available in http://hskworld.com/ 
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2.5 Machining parameters 
 
The most important machining parameters in micromilling are spindle speed, feed 
rate and feed per tooth. Literature shows that many studies have been done to show up 
to which extent these parameters influence the quality of the machined parts and the 
consequences on the tool. In 2008, Filiz et al. investigated the use of the mechanical 
micromilling process for fabrication of micro-scale piercing element from 
biocompatible materials. The authors used two custom made, special geometry, tools 
with cutting diameters 254 µm and 101.6 µm. To investigate the effects of feed, speed, 
and axial depth of cut on the performance of the tools, a design of experiments study 
was conducted on polymethyl methacrylate (PMMA). The investigation was done based 
on two spindle speeds (50000 and 100000 rpm), two feeds (1, 5 µm/flute), and two axial 
depths of cut (10, 20 µm). They concluded that the spindle speed has the most 
prominent effect for all force components, and increase in spindle speed caused an 
increase in forces. 
Also in 2008, Dhanorker and Özel performed experimental and modeling studies on 
meso/micro-milling of AL 2024-T6 aluminum and AISI 4340 steel to predict chip 
formation and temperature fields. They also studied size effects and minimum chip 
thickness. To conduct this study, the authors used 2-flute tungsten-carbide on cobalt 
matrix WC-CO end mills with 30º helix angle, diameter 1.5875mm and 3.175mm and a 
fixed spindle speed of 60000 rpm. Cutting speed used was 22.62 m/min and 59.85 
m/min and feed per tooth varied from 0.265µm to 4µm.  Large force variations were 
observed as the diameter of the cutter decreased and the spindle speed increased. 
In order to study the influence of the tool edge condition and the workpiece 
microstructure, Vogler and his colleagues (2004) performed experiments with 508 µm 
diameter end mills on workpiece materials with different microstructures over a range 
of feed rates. Four materials were selected for the experimentation; two specially-
prepared, single phase materials (pure ferrite and pearlite) and two multi-phase 
materials with different compositions of the two single phase materials. They performed 
5 mm long full-slot endmilling cuts under several conditions in order to study the 
interaction between ploughing and process condition effects on the surface roughness of 
the slot floor. The conditions the authors used can be seen in Table 2.1.  
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Table 2. 1 - Workpiece conditions (Vogler et al., 2004) 
Workpiece material Pearlite, Ferrite, Ferritic D.I. and Pearlitic D.I. 
Cutting edge radius 2.0 and 5.0 µm 
Axial depths of cut 50 and 100 µm 
Feed rates 0.25, 0.5, 1, 2 and 3 µm/flute 
Spindle speed 120,000 rpm 
 
 
In 2007, Filiz et al. used a miniature machine tool to perform micromachining 
experiments on 99.99% purity Copper. This machine tool was equipped with a 160,000 
rpm air-turbine, air-bearing spindle with a 3.125mm precision collet. The spindle-axis 
runout was quoted by the manufacturer to be less than 2 µm. The micro end mills used 
during the experimentation were micro-grain tungsten carbide (WC) tools, fabricated by 
diamond grinding, two-fluted and with a 254 µm diameter and a 30º helix angle. This 
experimental study included full-immersion (slot) cutting with axial depth of cut of 30 
µm. Four feed rates (0.75, 1.5, 3, and 6 µm/flute) and three cutting speeds (40; 80, and 
120 m/min) were considered in this experimentation. The range of feed rates was 
selected to include the ploughing, indentation, and minimum chip thickness effects in 
the data. The spindle speed varied according the feed rates: 50,000 rpm for 0.75 
µm/flute, 100,000 rpm for 3µm/flute and 150,000 rpm for 6µm/flute. 
 
2.6 Effects and conditions of Micromachining 
 
2.6.1 Minimum chip thickness and size effect 
 
In general, and according to a statement made by Özel, Liu and Dhanorker (nd), the 
current manufacturing methods cannot fabricate micro end mills with sharp edges due to 
limitation of structural strength of the tool at the edge. Currently, widely available micro 
tools have edge radius ranging from 1 µm to 5 µm. As the tool diameter decreases, the 
rigidity of the tool also decreases which leads to tool deflections under heavy chip load 
and sudden breakage of tool. This limits the chip load, especially in micromilling, to a 
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few microns per tooth. Specific cutting forces also depend mostly on the ratio of the 
uncut chip thickness to the tool edge radius. 
The tool edge radius and small feed per tooth makes the phenomenon of minimum 
chip thickness highly predominant in the micromilling. A minimum chip thickness is 
observed where tool engagement with workpiece results in chip formation. In full-
immersion micromilling, uncut chip thickness of tu(Φ) varies from zero to feed per tooth 
of fz as shown in Figure 2.6. 
 
 
Figure 2. 6 – Chip thickness and planar forces during micromilling process (Dharnorker and Özel 
2008) 
 
Hence the minimum chip thickness for micromilling (tc_min) can be defined as 
formation of chip when the uncut chip thickness becomes greater than a minimum chip 
thickness (tu > tc_min) at a certain rotation angle of Φ. Unlike precision diamond turning, 
where diamond tools are up-sharp with nano-metric edge radius, the minimum chip 
thickness in micromilling is greatly affected by the radius of the cutting edge (re) which 
is usually greater than 1 µm. The chip is not formed and mostly elastic deformations are 
induced to the workpiece until tool reaches to a certain rotation angle where a minimum 
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uncut chip thickness develops. A smaller edge radius causes early formation of 
minimum chip thickness whereas a larger edge radius will result in ploughing of the 
workpiece, as shown in Figure 2.7. (Özel, Liu and Dhanorker, nd). 
 
 
a)                                                                             b) 
Figure 2. 7 – The minimum chip thickness phenomenon in micromilling: (a) uncut chip load less 
than a minimum required and (b) uncut chip load sufficient to form a chip (Özel, Liu and 
Dhanorker, nd) 
 
      
 
 
The relationship between the process geometry and the workpiece microstructure, in 
addition to the relationship between the process geometry and the tool geometry, 
changes as compared to conventional endmilling operations. When machining a 
multiphase material, such as steel, the grain size of the material is such that the tool is 
often cutting in only a few grains at any instant, as represented in Figure 2.8. Therefore, 
the workpiece material cannot be considered using average material properties, as the 
length scales of the process and the microstructure dictate a heterogeneous nature of the 
workpiece. The heterogeneity in the workpiece microstructure leads to significant 
variations in the machining process as the cutting moves from one phase to another. 
These variations affect the force system, leading to dynamic excitations of the tool-
workpiece structural system, and affect the surface generation and chip formation 
processes (Vogler et al., 2004).  
In 2007, Özel and Zeren stated that in micromachining the cutting is performed 
within the grains of the material because the uncut chip thickness in meso-scale 
machining (usually less than 100 µm) is comparable to the average grain size of a 
polycrystalline aggregate (e.g. between 1.5 and 150 µm for ferritic steels). The 
polycrystalline material, which can be considered to be an isotropic and homogeneous 
continuum in conventional analysis, must be treated as a series of single crystals with 
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random orientations. Single crystals are known to be highly anisotropic in their physical 
and mechanical properties. The authors also inferred that the crystallographic 
orientation of the substrate material will influence significantly on the micro scale 
machining process. 
 
 
Figure 2. 8 – Size comparison in meso-scale orthogonal cutting (Özel and Zeren 2007) 
 
 
2.6.2 Cutting forces 
 
During the milling operation, the cutting forces will induce vibration on the cutting 
tool, the workpiece and the fixtures, which will affect the surface integrity of the final 
part and, consequently, the product’s quality. When cutting conditions are not 
appropriate, tools are easily fractured, which wastes time and money. In addition, it is 
not easy for the operator to detect tool wear or fractures (Omar et al. 2007, Kang et al. 
2007). Accordingly, in micro endmilling, cutting force analysis plays an important role 
in the determination of the characteristics of cutting processes like tool wear and surface 
texture, the establishment of cutting plans, and the setting of cutting conditions. An 
analytic cutting force model of micro endmilling was first introduced by Bao et al. 
(2000). This model took into account the differences of the tool tip trajectories between 
micro endmilling and conventional end milling. Unlike conventional macro cutting, 
micro cutting with a micro depth of cut cannot ignore the effect of the tool edge radius. 
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Considerable studies that consider the tool edge radius in two dimensional orthogonal 
cutting have been conducted but studies that take into consideration the tool edge radius 
in end milling are very limited. 
Machining forces contain important information on the mechanics and dynamics of 
machining processes. The quality of the machined surfaces is dictated by the static and 
dynamic characteristics of machining forces. In addition, machining forces are critical 
in designing tooling and machine tools, as well as in determining power consumption 
and process productivity. Although machining forces characteristics for conventional 
milling have been thoroughly investigated, micromilling forces are not yet fully 
understood. In addition to the factors that affect milling forces at the macro scale, such 
as vibrations, repeated entry and exit of the cutting flutes and runout of the tool tip, the 
effects of minimum chip thickness, ploughing, indentation, and elastic recovery become 
controlling factors in micromilling. Furthermore, both static and dynamic tool-tip runout 
has more influence in micromilling, as they could be comparable in size with the feed 
rates (Woon et al. 2008, Uriarte et al. 2007, and Pérez et al. 2007).  
In Figure 2.9 is shown a scheme of simplified relative motion of tool and work piece 
for micro milling. 
 
 
Figure 2. 9 – Simplified relative motion of tool and work piece for micromilling (Zaman et al. 2006) 
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The forces encountered during micromachining are pictured in Figure 2.10 within 
the cross-sectional plane of the tool, where the feed force Fy, normal (to the feed) force 
Fx, and in-plane force R are shown. 
 
 
Figure 2. 10 – The orientation of the cutting forces during micromilling (Filiz et al 2007) 
 
In 2007, Filiz et al. performed a study on the micromachinability of copper and 
concluded that, at low feed rates, the cutting force signatures show erratic behavior. At 
feed rates larger than the edge radius of the tool, increased feed rate produces cutting 
force signatures similar to those seen in conventional machining and the tool-tip runout 
is an important contributor to the cutting force fluctuations. They also concluded that 
average peak-to-valley forces exhibit large changes with the cutting speed for feed rates 
close to the cutting edge radius. At higher feed rates, the effect of cutting speed is 
considerably reduced. 
 
2.6.3 Cutting temperature, tool wear and tool failure 
 
Cutting temperature is one of the most important factors to consider in metal 
machining because it influences the tool wear immensely. Tool wear, in its turn, must 
be taken into account because one wants to maximize tool life in all machining 
processes. 
 In applications such as machining, substantial amounts of heat may be generated 
due to plastic deformation and friction at the tool-chip interface. The temperature 
attained can be quite high and have a considerable influence on the mechanical 
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properties of the material. In 2005, Liu observed that the strength of the material is 
usually lowered by an increase in temperature and vice-versa. From dislocation 
mechanics, material strength in plastic deformation of metal crystals is determined by 
the motion of dislocations and their interactions. An increase in temperature increases 
the thermodynamic probability of the dislocations achieving sufficient energy to move 
past a peak in the potential thereby producing a softening effect on the flow stress. It 
was also found by Liu (2005) that the temperature gradient within the chip changes with 
uncut chip thickness. Figure 2.11 shows the distribution of the cutting temperature the 
tool, chip and workpiece.  
 
 
     a)                                                                      b) 
Figure 2. 11 – Temperatures (ºC) in the cutting zone during micromiling (a) AL2024 aluminum and 
(b) AISI 4340 Steel (Özel et al., nd) 
 
Cutting speed, from all machining parameters, is regarded as having the strongest 
effect in tool wear because higher cutting speeds tend to generate more heat, resulting in 
more wear. Tool wear is influential in several areas: increased cutting force, changes in 
dimensions and the need to change tools, with the consequent loss of accuracy. Uriarte 
et al. (2007) stated that wear causes the edges of straight tools to become rounded and 
their diameter to become smaller than the nominal figure. This effect is highly 
significant when hard materials are machined, such as tempered steels with more than 
50 HRC. It can be minimized by using successive new tools and implementing a CAM 
program in several stages of rough machining and finishing. In general, attempts are 
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made to perform the whole finishing process with the same tool removing the smallest 
possible volume of material.  
 
 
Figure 2. 12 – Wear evolution on a 200µm diameter end milling tool machining hardened steel 
(60HRC) (Uriarte et al. 2007) 
 
 
2.6.4 Burr formation and surface quality 
 
Burrs in machined workpieces are a large drawback in productivity. Not only do 
they require additional finishing operations (deburring) and complicate assembly, but 
these operations can damage the part, especially in the micro scale. As the demand for 
component tolerances and surface quality becomes more stringent and cost pressure 
increases, the burr issue needs to be addressed at the point of prevention rather than 
rectification (Lee et al., nd). It is best to avoid or, at least, minimize burrs by careful 
choice of tool, machining parameters and tool path or work material and part design. In 
fact, most burrs can be prevented or minimized with process control. 
The most important parameters that affect burr formation can be associated to 
several categories: tool geometries (rake angle, lip relief angle and cutting edge radius), 
workpiece material properties (strength, ductility, strain-hardening coefficient and 
temperature dependence of properties), and process conditions (feed, cutting speed and 
use of coolant) and others (tool diameter, tool wear, tool material, machine stiffness, 
etc). Burr formation affects workpiece accuracy and quality in several ways: 
dimensional distortion on part edge, challenges to assembly and handling caused by 
burrs in sensitive locations on the workpiece and damage done to the work subsurface 
from the deformation associated due to the exit of a cutting edge. This is especially true 
for precision machined components, for which the fundamentals of machining are often 
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not well understood. To effectively address burr prevention, the entire process chain 
(from design to manufacturing) must be considered to integrate all the elements 
affecting burrs, from the part design, including material selection, to the machining 
process (Dornfeld 2005). 
 
 
Figure 2. 13 – Burr shapes in drilling. Left to right: uniform burr Type I, uniform burr Type II, 
transient burr and crown burr (Dornfeld 2005) 
 
 
 
Figure 2. 14 – Typical burrs in slot milling of precision components (Dornfeld 2005) 
 
 
Ng et al. (2006) performed an experimental study of micro and nano-scale cutting of 
aluminum 7075-T6 and stated that the surface roughness increases at undeformed chip 
thicknesses greater than the edge radius of the tool, as shown in Figure 2.15. However, 
when cutting at undeformed chip thicknesses smaller than the edge radius of the tool, 
the surface generated is much rougher. This can be attributed to the dominant effect of 
the ploughing process when cutting at undeformed chip thicknesses less than the edge 
radius of the tool. A ploughing process typically displaces material sideways and ahead 
of the cutting tool. This generates a surface that is typically rougher when compared to a 
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surface generated mostly by shearing of the work material. This observation is in 
agreement with observations in macroscale cutting operations, where surface roughness 
generated generally increases with undeformed chip thickness. 
 
 
Figure 2. 15 – Effect of undeformed chip thickness on surface roughness at a cutting speed of 10 
m/min (Ng et al. 2006) 
 
 
2.7 Synthesis 
 
After the previously described current state of the art in micromachining, in the 
following section there is a brief description of all the important factors to take into 
account when a micromachining process takes place. 
The most relevant inputs in the micromachining process can be said to be the tools 
(characteristics and materials), machine tools (spindle technology, toolholder, rigidity) 
and, not least importantly, machining parameters (cutting speed, feed rate and feed per 
tooth). On the other hand, the issues addressed with micromachining are the minimum 
chip thickness and size effect, the cutting temperatures and cutting forces, which 
influence the tool wear and its failure, which, in turn, influence the burr formation and, 
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consequently, surface quality. In Figure 2.16 a diagram of the inputs and influences in 
micromachining is shown. 
 
 
Figure 2. 16 – Inputs and influences in Micromilling 
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Chapter 3) 
 
 
Design, experimental setup and materials 
 
 
3.1 Design 
 
The software used in this thesis to perform the design of the parts and simulation of 
machining strategies was a very important part of the overall work, as it allowed 
achieving the results that are presented here. The chosen software represents some of the 
most important and most used applications in the CAD/CAM industry – CATIA V5 and 
Mastercam V9. CATIA was used to design and create the 3D models of the surfaces to 
be machined and Mastercam, described in 3.1.2, was used to calculate and simulate the 
several machining strategies applied to obtain the desired surfaces.   
 
 38
3.1.1 CAD Software 
 
CATIA (Computer Aided Three Dimensional Interactive Application) is a multi-
platform CAD/CAM/CAE commercial software suite developed by the French company 
Dassault Systemes and marketed worldwide by IBM. The software was created in the 
late 1970s and early 1980s to develop Dassault’s Mirage fighter jet, and then was 
adopted in the aerospace, automotive, shipbuilding, and other industries. With this 
software it is possible to create/model 3D solids and surfaces, helping users visualize 
and interpret possible problems and their solutions both in the manufacturing process 
and the final part.  Figure 3.1 represent the surface that was designed to perform the 
machining tests present in this thesis. Two dimensional drawings of the surface are 
presented in Annex 2. 
 
 
Figure 3. 1 – Example of part design in CATIA V5 
 
 
3.1.2 CAM Software 
 
For the calculation and simulations of toolpaths to be used in the machining process, 
Mastercam was the selected software. A product developed by CNC Software since 
1983, Mastercam started as a 2D CAM system with CAD tools that let machinists create 
parts on a computer screen, as well as to machine parts in the shop. Since then, 
Mastercam has grown into the most widely used CAD/CAM package in the world. Its 
comprehensive set of predefined toolpaths—including contour, drill, pocketing, face, 
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peel mill, engraving, surface high speed, advanced multiaxis, and many more—enable 
machinists to cut parts efficiently and accurately. Users can create and cut parts using 
one of many supplied machine and control definitions, or they can use Mastercam’s 
advanced tools to create their own customized definitions. It also offers a level of 
flexibility that allows the integration of 3rd party applications to address unique machine 
or process specific scenarios. Figure 3.2 shows an example of Mastercam’s environment, 
in which a toolpath is simulated after the calculation according to the input parameters. 
 
 
Figure 3. 2 – Example of toolpath simulation in Mastercam ® 
 
After designing the surface in CATIA, the 3D model was then imported into 
Mastercam. All important parameters were entered in Mastercam: end mill diameter, 
depth of cut, feed per tooth, spindle speed and cutting speed. After these parameters 
were entered, the three different machining strategies were defined and simulated. All 
three strategies are depicted in Figures 3.3, 3.4 and 3.5. 
 
Figure 3. 3 – Parallel zigzag toolpath 
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Figure 3. 4 – Constant overlap spiral toolpath 
 
 
 
Figure 3. 5 – Parallel spiral toolpath 
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3.2 Experimental Setup 
 
3.2.1 CNC milling centre 
 
To perform the machining, the CNC milling centre used was a 1997 MIKRON 
model VCE 500. It is a conventional, full size, 11 kW, 3-axis CNC milling centre with 
maximum travel of 500 x 400 x 500 mm. Spindle speed can range between 60 and 7500 
rpm and has a tool holder capable of 20 different tools. 
 
 
Figure 3. 6 – MIKRON VCE500 CNC milling centre 
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3.2.2 Fixing apparatus 
 
Since the workpiece material was a 25 mm diameter rod, the solution found to fix the 
workpiece to the CNC table was to use an 80 mm diameter, 3-jaws chuck. A fixing plate 
was machined to correctly affix the chuck to the CNC table. In Figure 3.7 it is shown the 
chuck and in Figure 3.8 is shown the machined plate screwed to the chuck. Figure 3.9 
represents the photograph of the chuck fastened to the CNC table, holding the 
workpiece. 
 
 
Figure 3. 7 – 80mm diameter 3-jaw chuck 
 
 
Figure 3. 8 – Machined plate screwed to the chuck 
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Figure 3. 9 – Photograph of the chuck fastened to the CNC table, holding the workpiece 
 
3.2.3 Cutting tool 
 
The tool used to machine the workpiece was a cemented carbide Sandvik® CoroMill® 
Plura mini, general purpose, 0.8 mm diameter endmill, suitable for steel <63HRC, 
stainless steel, cast iron, HRSA, titanium, aluminum and hardened steel. Its dimensions 
and characteristics are shown in Figure 3.10, under reference 00830-AE08G and an 
actual photograph of the tool can be seen in Figure 3.11. 
 
 
 
Figure 3. 10 – Sandvik tool dimensions table (from Sandvik Coromant tool catalogue) 
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Figure 3. 11 – Photograph of actual 0.8mm tool 
 
3.2.4 Workpiece material 
 
AL2011 is an Al-Cu-Bi-Pb age-hardenable alloy noted for its free-machining 
characteristics and good mechanical properties. Since it is an excellent all round alloy, it 
is used in many applications, such as: adapters, carburetor parts, clock parts and gears, 
knobs, camera parts, meter shafts and gears, nozzles, pencil and pen parts, oil line filters, 
pipe stems and filters, radio parts, screwdriver caps, spindles, telephone parts, TV 
fittings, tripod fittings, machine parts, hose parts, etc. 
The mechanical properties of this alloy are shown in Table 3.1 and the chemical 
composition is shown in Table 3.2. 
 
Table 3. 1 – Mechanical properties of Al 2011 
Mechanical Properties 
Hardness, Brinell 100 
Hardness, Knoop 126 
Hardness, Rockwell A 41 
Hardness, Rockwell B 63 
Hardness, Vickers 112 
Tensile Strength, Ultimate >= 372 MPa 
Tensile Strength, Yield >= 276 MPa 
Elongation at Break 10.00% 
Modulus of Elasticity 70.0 GPa 
Fatigue Strength 124 MPa 
Machinability 90.00% 
Shear Strength 241 MPa 
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Table 3. 2 – Chemical composition of Al 2011 
Chemical composition 
Aluminum, Al 93.70% 
Bismuth, Bi 0.200 - 0.600 % 
Copper, Cu 5.00 - 6.00 % 
Iron, Fe <= 0.700 % 
Lead, Pb 0.200 - 0.600 % 
Silicon, Si <= 0.400 % 
Zinc, Zn <= 0.300 % 
 
3.2.5 Cutting parameters 
In this experiment, several samples were machined. A total of 12 samples were 
done, varying feed rate and strategy between them. The only three constants between 
samples were spindle speed, that was kept constant at 6500 rpm which, with the 0.8 mm 
diameter endmill used, results in a constant cutting speed of 16.33 m/min, toolpath 
overlap, which was also kept constant at 0.05mm and, finally, depth of cut 0.2 mm 
The 3 strategies, first simulated in Mastercam, were chosen based on the current 
most common ways to mill a pocket, so they were: parallel zigzag, constant overlap 
spiral and parallel spiral. Figures 3.4, 3.5 and 3.6 shown previously represent a 
simulation of the toolpath for each strategy. 
In order to obtain a wide gamut of results from this experience, 4 feed rates were 
used for each strategy. Table 3.3 shows a summary of the strategies and parameters used 
to machine the samples. 
 
Table 3. 3 – Summary of machining parameters, Vc=16.33 m/min and ap=0.2mm 
Feed rate Strategy 
mm/tooth 
0.002 
0.004 
0.006 
Constant overlap spiral 
0.008 
0.002 
0.004 
0.006 
Parallel spiral 
0.008 
0.002 
0.004 
0.006 
Parallel zigzag 
0.008 
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3.3 Surface Quality Characterization 
 
3.3.1 Optical microscopy 
 
For the qualitative characterization of the surface quality, an optical microscope was 
used. It is Nikon’s model Eclipse LV150, capable of 1000x magnification. In this 
analysis, the magnification used for the acquisition of all the images of all the surfaces 
was 50x. Figure 3.12 shows a photograph of the microscope used. 
 
 
Figure 3. 12 – Nikon Eclipse LV150 Microscope 
 
3.3.2 Surface roughness 
 
In order to characterize the surface profile, a Hommel T1000 E profilometer was 
used. This equipment measures a number of standard surface roughness parameters (Ra, 
Rz, Rt, Rmax, R3z, etc). Dependent upon the type of parameter measured, these surface 
roughness values are calculated from the unfiltered, measured profile, the filtered 
roughness profile or the filtered waviness profile. 
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The most relevant surface roughness parameters considered were Ra, Rt and RzI. Ra 
is the area between the roughness profile and its mean line, or the integral of the absolute 
value of the roughness profile heath over the evaluation length. Rt is the vertical distance 
from the deepest valley to the highest peak and RzI is a parameter that averages the 
height of the five highest peaks plus the depth of the five deepest valleys over the 
evaluation length. 
Two measurements were made for each sample, in order to obtain an average value 
of all the surface quality parameters. To perform these measurements, the input 
parameters for the data acquisition can be seen in Table 3.4 below. 
 
 
Table 3. 4 – Measurement parameters to assess surface roughness 
Parameter Value 
Lt 1.5 mm 
Lc 0.25 mm 
Lm 1.25 mm 
 
 
 
 
Figure 3. 13 – Hommel Tester T1000 E profilometer 
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Chapter 4) 
 
Results and Discussion 
 
4.1 Optical microscopy analysis 
 
In order to qualitatively analyze surface quality in all the machined samples, many 
photographs were taken to observe the burr formation between different feed rates and 
strategies used. Figure 4.1 shows an overview of all the 12 samples machined. 
 
 
Figure 4. 1 – Overview of the machined samples compared to a 0.5 mm pencil lead 
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Figure 4.2 thru 4.4 show the comparison between the four different feed rates in all 
the three strategies described in the previous chapter. The photos depict the two thinnest 
details in all samples. 
 
 
  
                (a)              (b) 
  
   (c)                     (d) 
Figure 4. 2 – Strategy 1, constant overlap spiral, at different feed rates: (a) 2 µm/tooth, (b) 
4µm/tooth, (c) 6 µm/tooth and (d) 8 µm/tooth 
 
From Figure 4.2, it can be said that the amount of burrs produced is not very high, 
although not insignificant; (a) and (b) show a small exit burr on the widest fin, (c) shows 
quite a large exit burr, but (d), which represents the highest feed rate, shows a very large, 
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and very pronounced burr on the widest fin. In addition, and on the contrary to the other 
feed rates, the thinnest fin in (d) also shows a small deflection close to the end. 
The burrs produced with the second strategy, shown next in Figure 4.3, are much 
more pronounced. Again, feed rate of 8µm/tooth is the one that shows more burr 
formation. Also to note that, in this strategy, the deflection of the thinnest fin is 
significantly larger than with the previous strategy. 
 
 
  
        (a)           (b) 
  
     (c)                      (d) 
 
Figure 4. 3 - Strategy 2, parallel spiral, at different feed rates : (a) 2 µm/tooth, (b) 4µm/tooth, (c) 6 
µm/tooth and (d) 8 µm/tooth 
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Finally, Figure 4.4 shows the same details of the previous Figures, but for the last 
machining strategy, parallel zigzag. In this case, burrs can be considered similar to the 
previous strategy, but the observed deflection in the thinnest profile is severely 
increased in comparison with the other two strategies.  
 
  
        (a)           (b) 
  
     (c)                      (d) 
 
Figure 4. 4 - Strategy 3 parallel zigzag, at different feed rates: (a) 2 µm/tooth, (b) 4µm/tooth, (c) 6 
µm/tooth and (d) 8 µm/tooth. 
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Next Figures represent the three strategies for the same detail, as shown on the first 
image of every Figure from 4.5 thru 4.8. 
 
 
  
(a)                                                                                        (b) 
 
(c) 
Figure 4. 5 - Comparison of strategies for the same 2µm/tooth feed rate: (a) constant overlap spiral, 
(b) parallel spiral and (c) parallel zigzag 
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 (a)                                                                                      (b) 
 
 
      (c) 
Figure 4. 6 - Comparison of strategies for the same 4µm/tooth feed rate: (a) constant overlap spiral, 
(b) parallel spiral and (c) parallel zigzag 
 55
 
  
 (a)                                                                                    (b) 
 
      (c) 
Figure 4. 7 - Comparison of strategies for the same 6µm/tooth feed rate: (a) constant overlap spiral, 
(b) parallel spiral and (c) parallel zigzag 
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 (a)                                                                                              (b) 
 
 
      (c) 
 
Figure 4. 8 - Comparison of strategies for the same 8µm/tooth feed rate: (a) constant overlap spiral, 
(b) parallel spiral and (c) parallel zigzag 
 
 
For a constant feed rate of 2µm/tooth, the strategy that yielded the best result was the 
constant overlap spiral with small, unnoticeable burrs. On the other hand, for strategy 2 
– parallel spiral – the results were much worse as it produced a surface that showed a 
significant amount of large burrs. Strategy 3 – parallel zigzag - had a better behavior, but 
still presented a larger amount of burrs than strategy 1. 
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For feed rate f=4µm/tooth, constant overlap spiral was still the best performer, but 
this time, strategy 3 delivered the worst results, showing the largest amount of burrs. For 
f=6µm/tooth, the behavior was similar between all strategies, but it still can be said that 
the constant overlap spiral strategy was the one that presented the best result. Finally, for 
f=8µm/tooth, and on the contrary to the first 3 feed rates, strategy 1 was the one that 
showed more burrs. The other two strategies performed similarly between them, but 
parallel spiral produced more and larger burrs. 
Overall, the first strategy tested was the best of the three because it was the strategy 
that produced the most consistent results throughout the experiment. 
 
4.2 Surface roughness analysis 
4.2.1 Surface roughness parameters analysis 
 
As previously stated, surface roughness parameters were measured in a Hommel 
profilometer. The table showing the summary of the all the parameters measured is 
presented in Annex 1 and scanned images of the resulting profiles are shown next. 
 
 
 
 
Figure 4. 9 – Surface profile comparison between strategies for the same feed rate of 2 µm /tooth: a) 
constant overlap spiral, b) parallel spiral and c) parallel zigzag 
 
a) 
b) 
c) 
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Figure 4. 10 - Surface profile comparison between strategies for the same feed rate of 4 µm /tooth: 
a) constant overlap spiral, b) parallel spiral and c) parallel zigzag 
 
 
a) 
b) 
c) 
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Figure 4. 11 - Surface profile comparison between strategies for the same feed rate of 6 µm /tooth: 
a) constant overlap spiral, b) parallel spiral and c) parallel zigzag  
 
 
a) 
   b) 
 c) 
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Figure 4. 12 - Surface profile comparison between strategies for the same feed rate of 8 µm /tooth: 
a) constant overlap spiral, b) parallel spiral and c) parallel zigzag 
a) 
   b) 
 c) 
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From the values obtained from the measurement of the surface roughness parameters, 
several charts were plotted in order to obtain the relationships between feed rates and 
Ra, Rt and RzI. 
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Figure 4. 13- Ra, average roughness variation with feed rate for each strategy 
 
 
Strategy 1 – constant overlap spiral – and strategy 3 – parallel zigzag – performed 
quite well in the average roughness parameter. Both achieved the same results for Ra in 
all feed rates, except for f = 4µm/tooth, where strategy 3 jumped to a very high value of 
Ra = 0.115µm. On the other hand, strategy 2 – parallel spiral – was worse than the 
previous two strategies in all feed rates, where Ra was always greater than 0.095µm. The 
worst case for strategy 2 and 3 was obtained at f = 4µm, where, like strategy 3, Ra = 
0.115µm. 
It was observed that the RzI variation with feed rate follows the same trend as does 
Ra seen previously. Strategy 1 and 3 are very close together, but, with this parameter, 
strategy 3 actually performs worse than strategy 2 when f = 4µm/tooth. Strategy 1 
maintains an almost constant value of RzI = 0.7µm, except for f = 8µm/tooth, where it 
rises up to RzI = 0.8µm. It is, however, the strategy that averages the best results for 
values of RzI, being always lower than the other two strategies, as it can be seen from 
Figure 4.13. 
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Figure 4. 14 - RzI variation with feed rate for each strategy 
 
For the values of Rt, the vertical distance from the deepest valley to the highest 
peak, Figure 4.14 depicts its variation with feed rate for each strategy, once again. 
From this chart, one can see that all strategies deliver a very wide gamut of Rt 
values, ranging from Rt = 0.80µm in strategy 1 and 3 to Rt = 1.30µm in strategy 2. Once 
again, strategy 1 is the best performer, delivering the best results for each one of the 
feed rates. Only strategy 3 gets close, when f = 2µm/tooth, but even at that point, 
strategy 1 delivers a lower Rt than strategy 3. 
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Figure 4. 15 - Rt variation with feed rate for each strategy 
 
4.2.2 Machining time 
 
Machining times were also measured to assess which one of the strategies was the 
quickest to machine the samples. The results of that measurement are shown in Figure 
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4.16. This Figure shows clearly that both parallel spiral and parallel zigzag machining 
strategies have very similar machining times. At the same time, it is clear that strategy 1 
– constant overlap spiral - is the quickest. At the first feed rate, f = 2µm/tooth, strategy 1 
is quicker than the other two strategies by a difference of 7 minutes. As the feed rates 
increase to double, triple and quadruple, machining times decrease by half, a third and a 
quarter of initial machining time. For the three feed rates of f2 = 4µm/tooth, f3 = 
6µm/tooth and f4 = 8µm/tooth, the difference in machining time from the first, and 
quickest, strategy to the other two strategies is diminished to only 3 minutes and 
difference is maintained constant. 
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Figure 4. 16 – Time variation with feed rate for each strategy 
 
4.3 Optimization 
 
A simple method to find the best machining strategy within the boundary conditions 
that were used in this thesis is to establish an analytical relationship between two 
important machining parameters: roughness average (Ra), and machining time (t). This 
analytical relationship can be said to be 
 
  (1) 
 
 
where α and β are the weights in percentage of Ra and t, respectively. So, 
                                                             (2) 
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It is established that the maximum of  f (Ra,t) is a value that corresponds to most 
adequate strategy and feed rate to be applied to this specific machining problem. The 
values of α and β mean the importance that each parameter has in the final solution, so it 
is of great interest to vary these parameters. Table 4.1 shows the values chosen for this 
study. 
Table 4. 1 – Weights of a and b 
Parameter 
 
Weight 
1 
Weight 
2 
Weight 
3 
α 0.8 0.5 0.3 
β 0.2 0.5 0.7 
 
 
Table 4.2 shows the result of applying these values of α and β to the equation (1) 
 
Table 4. 2 – Results of equation (1) for all strategies and feed rates 
 
 
Strategy 
 
 
Feed 
(mm/tooth) 
 
Ra 
(µm) 
 
t 
(min.sec) 
 
f (Ra,t) 
α = 0.8 
β = 0.2 
f (Ra,t) 
α = 0.5 
β = 0.5 
f (Ra,t) 
α = 0.3 
β = 0.7  
S1 0.002 0.09 28.15 1.227 1.246 1.259 
S2 0.004 0.09 14.20 1.356 1.642 1.911 
S3 0.006 0.09 9.30 1.507 1.955 2.438 
Co
n
st
an
t 
o
v
er
la
p 
sp
ira
l 
S4 0.008 0.09 7.00 1.433 1.965 2.610 
S5 0.002 0.11 35.00 1.056 1.045 1.039 
S6 0.004 0.11 17.25 1.116 1.352 1.574 
S7 0.006 0.09 11.46 1.384 1.752 2.128 
Pa
ra
lle
l s
pi
ra
l 
S8 0.008 0.11 9.15 1.244 1.673 2.173 
S9 0.002 0.09 36.00 1.164 1.097 1.056 
S10 0.004 0.11 17.05 1.118 1.357 1.583 
S11 0.006 0.09 12.10 1.473 1.817 2.152 
Pa
ra
lle
l z
ig
za
g 
S12 0.008 0.09 9.00 1.411 1.863 2.369 
 
 From the analysis of Table 4.2, if it is given more importance to the surface quality 
in terms of average roughness (80%) than the time it takes to machine the surface (20%), 
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then the strategy that yields the maximum value for f (Ra,t), where f (Ra,t) = 1.507, is S3 
that corresponds to the constant overlap spiral with a feed rate of 6µm/tooth. On the 
other hand, if the importance of both parameters are said to be the same (50%/50%), the 
resulting value for f (Ra,t) is 1.965. This value corresponds to the same strategy as 
previously mentioned – constant overlap spiral - but with a larger feed rate of 8µm/tooth. 
Even if it is given more importance to the machining time rather than surface quality, 
the strategy that always yields the best result is, as with the previous two weights, the 
constant overlap spiral. The feed rate, however, is the same as with a 50/50 percentage, 
so 8µm/tooth. Also from Table 4.2 it is possible to see the three best results for each 
value of a and b and these three best results can be seen in Table 4.3. 
 
Table 4. 3 – Description of best results 
 
 Strategy 
 
 
Feed 
(mm/tooth) 
 
f (Ra,t) 
α = 0.8 
β = 0.2 
f (Ra,t) 
α = 0.5 
β = 0.5 
f (Ra,t) 
α = 0.3 
β = 0.7  
S3 0.006 1.507 1.955 2.438 Constant 
overlap 
spiral S4 0.008 1.433 1.965 2.610 
S11 0.006 1.473 1.817 2.152 
Parallel 
zigzag 
S12 0.008 1.411 1.863 2.369 
 
Table 4. 4 – Summary of best results 
 
f (Ra,t) 
α = 0.8 
β = 0.2 
f (Ra,t) 
α = 0.5 
β = 0.5 
f (Ra,t) 
α = 0.3 
β = 0.7  
1st 
S3 
(f=1.507) 
S4 
(f=1.965) 
S4 
(f=2.610) 
2nd 
S11 
(f=1.473) 
S3 
(f=1.955) 
S3 
(f=2.438) 
3rd 
S12 
(f=1.411) 
S12 
(f=1.863) 
S12 
(f=2.369) 
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The best results come from strategy 1 – constant overlap spiral and strategy 3 – 
parallel zigzag and both with the highest values of feed rate of 6 and 8µm/tooth. 
Nevertheless, it cannot be said that strategy 1 is much better than strategy 3 or that 
6µm/tooth performs better that 8µm/tooth and vice-versa since the output values for the 
function f are so very close together. Independently of the weight that is given to each 
parameter of a and b, the 3rd best strategy is S12, that corresponds to strategy 3- 
parallel zigzag, at 8µm/tooth. 
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Chapter 5) 
 
 
Conclusions 
 
 
This thesis had as a goal the experimental validation of surface micro machining 
with conventional machine tools and micro tools. With this work it was assessed that it 
is possible to micro mill surfaces with a conventional CNC machine tool, using micro 
tools and special fixture devices for the workpiece.  
During the experiment, it was also observed that the strategy chosen to machine the 
samples together with the chosen feed rate values are fundamental to achieve good 
surface finish results. In this study, the strategy with which it was achieved the best 
results was strategy “constant overlap spiral”. It was also observed that the highest feed 
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rates delivered the best quality surfaces, i.e., 6 and 8 µm/tooth. Regarding burr 
formation, the feed rate that presented the surface with the least amount of burrs was 
6µm/tooh. 
The optical analysis of the machined samples revealed that it is possible to achieve 
machined micro surfaces almost without burrs. 
It is also possible to optimize the choice of the machining strategy and feed rate 
values through a simple analytical model in order to achieve the best cutting time and 
best surface finish. 
In the future it would be interesting to test the machining of these samples with a 
higher cutting speed in order to study the influence of the cutting speed on the surface 
finish. It would also be interesting to test the machining of more complex surfaces, with 
three-dimensional profiles and on other materials, such as steel. 
  
With the realization of this work, it is possible to conclude that: 
• It is possible to machine micro surfaces with conventional machine tools 
• It is possible to machine micro surfaces almost without burrs 
• Machining strategy influences surface finish 
• Feed rate influences surface finish 
• It is possible to optimize machining strategy and feed rate in order to 
minimize cutting time 
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Annex 1  
 
Table of roughness 
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Annex 2  
 
2D drawings 
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